An investigation of previously established correlations between gas temperature distribution and smoke stratification in mines has been carried out for tunnel applications. The investigated correlations are based on excess gas temperature ratios and Froude number scaling. This paper describes a comparison between two large scale tests carried out in a road tunnel and two well defined model scale tests. In each of the tests, a longitudinal flow was maintained. The temperature data obtained at different locations and different heights have been used for the comparison. A good correspondence between the experimental data and the correlations has been found when the gas temperature data were used. However, the correspondence between the previously established correlation of gas temperature stratification and Froude number, was not reliable. It is postulated that the main reason for this may be the way the experiments were carried out. New correlations between the temperature stratification and the Froude number are also explored.
Nomenclature

Fr
Froude number g acceleration of gravity (m/s 2 )
H ceiling height (m)
Introduction
Newman [1] developed Froude number based correlations for mines in order to determine ceiling and floor temperatures related to average temperatures at different locations downstream from a fire source. Gas temperatures at three different elevations can be calculated in a tunnel cross-section, at a given position from a fire. CFD (Computational Fluid Dynamics) is usually used to calculate such temperature stratification in tunnels but it is desirable to be able to use simplified methods for both the analysis of different fire scenarios and as an easy way to check whether the CFD calculations are reasonable. Therefore, methods like the one proposed by Newman [1] can be very useful as an alternative to one dimensional methods or CFD calculations.
There are numerous applications that are of interest for such correlations, provided their applicability to tunnels can be confirmed. In case of a fire in a tunnel, early detection is important. Usually detectors or sprinkler heads are located at, or close to, the ceiling, and if one want to calculate the response of such devices, the ceiling temperature at different distances from the fire is important. A one dimensional approach is too imprecise for such calculations, and CFD calculations may be too time consuming, thus a Froude number approach represents a happy medium.
Another example is calculation of hazardous conditions for tunnels users. In such calculations, it is the Available Safe Egress Time (ASET), related to the fire development (gas temperature and smoke spread), which is of greatest interest. In FID calculations (Fraction Incapacitation Dose) [2] the effects of the smoke and gas temperature on human being are calculated and compared to a number of criteria. These criteria include the dose of CO, CO 2 and other toxic gases, together with the accumulated effect of heat, based on gas temperatures. The work by Ingason [3] , makes it possible to correlate gas temperatures and gas concentrations. Therefore, with a refined method of temperature calculation, the FID calculations would also be improved. The development of the fire and the smoke stratification must also be considered, together with the distance between the emergency exits and possible air movements inside the tunnel. The result of such estimations could, for example, be used when assessing the possibility of using fans successfully in an evacuation or a fire-fighting situation. To be effective, the fire brigade must know the location of the fire and the conditions (gas temperatures, visibility etc.) in the tunnel and around the fire. This requires suitable calculation methods in the planning stage as well as reliable detection systems in the tunnel.
To date, adequate validation of Newman's correlations for tunnel applications has been lacking. This article presents results from a validation of correlations presented by Newman [1] applied to results from tunnel tests. Results from two model experiments performed by Ingason [7] [11], the large scale tests conducted in the Runehamar tunnel [4, 5] and the Memorial tunnel fire tests [6] have been used to investigate the validity of Newman's correlations.
Theoretical aspects
Newman [1] presented results from fire tests performed in a medium-scale mine passage (duct). The rationale behind the tests was the study smoke stratification in mine fires. Newman's starting point was that the temperature stratification can be described by a Froude number and that the transport of chemical compounds follows the temperature rise. These assumptions can be summarised in equations (1) and (2):
Where cf T  is the temperature difference between a ceiling temperature (at the height 0.88×H from floor) and a floor temperature (at 0.12×H from floor) related to the stratification, and avg T  is the temperature difference between an average temperature in the cross-section and the ambient temperature. The parameter h i X , is the concentration of a species i at height h, and avg i X , is the average concentration of species i. In previous work by Ingason [3] , the relationship given by equation (2) has been adequately validated. The present article focuses on comparisons using equation (1).
Newman [1] proposes three smoke stratification regions defined by the Froude number (Fr) and temperature quotients (see Figure 1) , i.e.:
 Region I (Fr<0.9): clear stratification is distinguished.  Region II (0.9<Fr<10): the smoke stratification is less severe  Region III (Fr>10): there is no clear stratification. he cross-sec og graph, su :
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mber. Note (4) ations (3) In the present study, three tests were selected for the analysis of Newman's correlations: Test 1, with a longitudinal ventilation rate of 0.64 m/s, Test 6, with a longitudinal ventilation rate of 0.52 m/s, and Test 8, with a longitudinal ventilation rate of 0.47 m/s. Temperature values from stack A were used, as well as the velocity on the upstream side. The velocity on the downstream side at stack A, was calculated using temperature data at stack A. The tunnel width in these tests was 0.4 m and the tunnel height was 0.3 m [11] . In each of these three tests, only a single wood crib was used as the fire source.
Runehamar-large scale tests [4, 5]
Four large-scale fire tests (T1, T2, T3 and T4) were performed using a mock-up of a heavy goods vehicle (HGV) trailer in the Runehamar tunnel in Norway [4, 5] . Different mixtures of cellulose and plastics (approximately 18% plastics in each test) were used as fuels. In test T1, the fuel consisted of wood and plastic pallets, in test T2 of wood pallets and polyurethanefoam-mattresses, in test T3 of furniture and fixtures and in test T4 of corrugated cardboard and plastic cups. Two mobile fans were positioned at the tunnel mouth, and together generated an air flow velocity of over 3 m/s through the tunnel (before the fires were lit). The HRR was determined from measurements at an instrument station located 458 m downstream of the fire. The maximum HRR of the first test (wooden and plastic pallets) was 202 MW, for T2 it was 157 MW, for T3 it was 119 MW and for T4 it was 66 MW. The growth rate was relatively linear from 5 MW up to 100 MW, varying from 17 MW/minute to 29 MW/minute, with the most rapid rate of fire growth occurring in T2.
The tunnel was 1600 m long, 6 m high and 9 m wide. The incline of the tunnel varied between 0.5% uphill and 1% downhill. The fire was located on the downhill portion of the tunnel. Temperatures were measured at several positions along the tunnel, from 100 m upstream of the fire ('-100 m') to a measurement station 458 m downstream of the fire ('+458 m'), i.e. approximately 100 m from the west entrance. The majority of the temperatures were measured using unsheathed thermocouples, 0.25 mm type K. The temperature 458 m from the fire was determined at five different heights: 0.7 m, 1.8 m, 2.9 m, 4 m and 5.1 m above the road surface as shown in Figure 7 .
Data from the measurement station at +458 m from the fire source was used to investigate the influence of different ways of calculating the avg T and avg T  . Therefore, the layout of the instrument station used for this purpose is shown in Figure 7 . 
Memorial -large scale tests [6]
The Memorial Tunnel Fire Ventilation Test Program [6] consisted of a series of large-scale fire tests carried out in an abandoned road tunnel. The fire source consisted of low sulphur No2 fuel oil pans (diesel) and mock-up vehicles. Various tunnel ventilation systems and configurations were operated to evaluate their respective smoke and temperature management capabilities. The test program was performed in a two-lane, 853 m long and 8.8 m wide road tunnel. The tunnel had a 3.2 % upgrade from the south to the north portal. The tunnel was originally designed with a transverse ventilation system, consisting of a supply fan chamber at the south portal and an exhaust fan chamber at the north portal. An overhead air duct, formed by a concrete ceiling 4.3 m above the roadway, was split into supply and exhaust section by a vertical concrete dividing wall. In some of the tests, the horizontal ceiling was removed in order to install 24 reversible jet fans, in groups of three, equally spaced along the tunnel. In these tests the cross-section changed from rectangular shape with a cross-sectional area of 36.2 m 2 to more of a horse-shoe shape with a height of 7.9 m and a cross-sectional area of 60.4 m 2 . Comprehensive instrumentation was located both upstream and downstream of the fire.
For the analysis of Newman's correlations, the tests with longitudinal ventilation were used. The tests used are Test 605 with 2.2 m/s longitudinal flow rate and nominally a 10 MW fire, Test 607 with 2.1 m/s flow rate and nominally a 20 MW fire, Test 624B with 2.3 m/s and nominally a 50 MW fire and Test 625B with 2.2 m/s flow rate and nominally a 100 MW fire. The ceiling height in all these tests was 7.9 m and the width was 8.8 m.
Analysis
The analysis of the data from the FOA-SP, Ingason model scale tests and the large scale tests in Runehamar and Memorial tunnel was carried out using the two correlations presented by Newman in equations (3) and (5) . The data from the model and larges scale tests are plotted together with the results from Newman's duct tests [1] in Figures 8 and 9 . The data points used in the analysis have all been selected some time after the fire ignition when the temperature increase is notable.. The average gas temperatures, avg T and avg T  , were calculated as the arithmetic average of the measured gas temperatures in each cross-section and location in the tunnel. The calculation of the average temperature can vary depending on the number of temperature data points. In the Runehamar tests the temperatures were measured at 1.8 meters and 5.1 meters, respectively and at a number of different distances from the fire. There was only one place (458 meters from the fire) where the temperatures were measured at different elevations over the whole cross-section (see Figure 7) . If a simpler definition of the average temperature could be used more measurement data could be used to verify the Newman's method. In cases where multiple vertical data points are available, the arithmetic means were used, but it is also possible to use the average between the ceiling and floor temperature. In Newman's article it is not clear how the average value was calculated.
To investigate this, a short analysis using the extensive instrumentation in the Runehamar tests at 458 m from the fire, was used. The temperatures were measured at 11 points over the whole cross-section (see Figure 7 ). In the first experiment, T1, the arithmetic mean based on 11 points, 15 minutes after ignition, was 89.4 ° C. Based on five points at the centreline column in Figure 7 , the average is 84.0 ° C. If the average temperature is calculated as the average between 0.88 H and 0.12 H (one ceiling temperature and one floor temperature), the average temperature becomes 96.4 ° C. If the average is calculated as the value between a ceiling temperature at height 0.88 H and a temperature situated at 1.8 m above the floor, the value is 103.4 ° C. The maximum difference between the different methods used to calculate the average temperature is 8%. Similar results are obtained when comparing the mean temperatures for tests T2, T3 and T4 in the Runehamar test series. The largest percentage difference between the simplified methods to calculate the average temperature and the arithmetic average is around 11%. This means that average temperatures based on two points only differs by about 10% compared to the average temperatures based on many more points.
The first correlation, given by equation (3), has been plotted using the test data and calculated average temperatures. In Figure 8 the measured temperatures ratios,
are shown. Newman's curve plot approximation for Region I and Region II are also presented. In the original data from reference [12] there is one data point that obtains a value of
This value is not found in Figure 2 , and is clearly out of the range of all the other data. This point has been excluded here, mainly because Newman has not included it in his original graph (figure 2) and because it clearly does not comply with the rest of the data.
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